ABSTRACT: A series of Au-Pd/TiO2 catalysts were synthesized in different weight % using sol-immobilization method. Of the range studied 1%Pd/TiO2 catalyst achieved 86.4% conversion of phenol to CO2 in a standard batch-slurry system utilizing UV. However under recycle or continuous operation Pd leaching from catalyst surface led to gradual deactivation. Au-Pd nanoparticles supported on TiO2 P25 were stable and recyclable, here Au species were found to help to anchor Pd species on TiO2, and no observable Pd leaching occurred. Utilizing UV, 1%Pd/TiO2 showed faster rate of phenol degradation in comparison to Au-Pd/TiO2, while 1%Au/TiO2 and 0.5%Au-0.5%Pd/TiO2 showed faster phenol degradation rates under visible light. The TiO2 P25 support was also found to be active, stable and recyclable in phenol degradation utilizing UV; and was hence considered suitable for continuous operation. However poor oxygen mass transfer led to the formation and lay-down of polymeric species when using a Trickle bed approach. Operation in the Taylor flow regime was demonstrated to increase oxygen saturation and significantly reduced deactivation. Hence continuous photocatalytic degradation of phenol could be achieved using TiO2 under Taylor Flow conditions.
Introduction
The synergistic and promotional effect of Au in Au-Pd catalysts has been widely reported in the past decade [1] [2] [3] [4] . Within these studies, the superior activities of Au-Pd bimetallic catalysts, than monometallic Pd or Au catalysts, have been attributed to both ligand and ensemble effects [5, 6] . It is considered that noble metals supported on TiO2 surface promote the space-charge separation of photo-excited electron-hole pairs and suppress the charge recombination, resulting in longer life-time of holes in TiO2 valence band, thus enhancing the photocatalytic activity of TiO2. Recently, the photocatalytic degradation of phenolics using Au-Pd based catalysts has received considerable attention [7, 8] . Su et al. showed enhancement of photocatalytic activity of Au-Pd/TiO2 catalysts over pristine TiO2, wherein the metal nanoparticles are strongly involved in the reaction mechanism by suppressing undesired redox reactions. In photocatalysis, TiO2 is the most prominent catalyst used in oxidation processes as it promotes the production of hydroxyl radicals which, through charge transfer and secondary radical formation processes, lead to the oxidation/reduction of organics in aqueous systems. TiO2's ability to oxidize organic compounds under UV has led to such materials being applied in waste/contaminated water treatments.
Photocatalytic oxidation of phenolics utilizing UV is affected by solution concentration, pH, quantity, morphology and nature of the metal oxides present in the catalyst [9] [10] [11] [12] . Besides, these factors, the reactor design must be optimized in order to assure complete degradation of organics [13] . Scaling up photocatalytic reactors is, however, a complex process with many factors needing consideration to yield a technically and economically viable process. These factors include distribution of pollutant and photocatalyst, pollutant/oxygen mass transfer, reaction kinetics, and irradiation characteristics [14] .
While the current literature focuses on slurry systems using gas sparging and continuous mixing; these can lead to down-stream problems in the catalyst recovery and filtration stages.
Within industry fixed bed multi-phase reactors e.g. trickle beds, are often used to mitigate this catalyst separation problem however given the large bed diameters illumination can be problematic when considering them for photocatalysis [15] . However small scale fixed bed reactors can be used for such processes. It is also known that multi-phase fixed bed reactors can be operated under different gas and liquid flow regimes which in turn present different flow characteristics in the bed. Trickle flow is associated with a continuous co/counter-current flow of both the liquid and gas through the bed. Alternatively in Taylor flow the liquid and gas flow as separate slugs. Depending on the demands of the catalyst either of these two flow regimes, or others available, could be the most suitable.
Herein, this paper reports the heterogeneous photocatalytic degradation of Phenol using two different reactor types (suspension/slurry batch, and fixed-bed) with the latter operating in either trickle or Taylor flow) using Au-Pd/TiO2 P25 and TiO2 P25 catalysts. Such designs were used to develop a greater understanding of the processes involved and to enhance the availability of oxygen. Using such approaches the reactor can be continuously operated (herein for a period of three days).
Experimental Section

Materials
All reagents were of analytical grade. Palladium Chloride, Gold Tetrachloroaurate, Poly Vinyl Alcohol (MW = 10,000; 80% hydrolyzed) and methanol (HPLC grade) were obtained from Sigma Aldrich UK, TiO2 P25 was obtained from Degussa (Evonik). Oxygen gas (99.5% Purity) was obtained from BOC UK.
Preparation of Au/TiO2, Pd/TiO2 and Au-Pd/TiO2 catalysts
The metal nanoparticles (Au, Pd, Au-Pd) supported on TiO2 catalysts were prepared by using a modified sol immobilization method reported by Su et al [8] . To an aqueous PdCl2 and HAuCl4 solution, 1 wt% PVA solution was added as a protective ligand [PVA/(Au & Pd) w/w = 1.2]. A freshly prepared 0.1 M NaBH4 solution [NaBH4/(Au&Pd) (mol/mol) = 5] was then added to form a dark brown sol. After 30 min, the colloid was immobilized by adding TiO2 (acidified to pH 1-2 by sulfuric acid) under vigorous stirring for 2 h. The catalyst was filtered, washed with distilled deionised water, dried at 120 °C overnight and calcined in air for 4hrs at 500 °C.
Characterization
UV-Vis absorption spectra were recorded using Perkin Elmer Lambda 6505 spectrophotometer in the range of 250-800 nm at a scanning speed of 300nm min -1 . Structural characterization was performed using X-ray diffraction measurements using Cu K radiation was determined by ICP-OES metal analysis using Perkin-Elmer, P-1000 Spectrometer. The surface area, total pore volume and average pore diameter were measured by N2 sorption isotherms at 77K using Micromeritics ASAP 2020.
Measurement of photocatalytic activity
Photocatalytic activity was evaluated using phenol degradation. The reactors used were closed Pyrex reactors with a diameter of 42.7 mm and a height of 210 mm. 100 mL of a solution containing 94.11 mg/L (1mMol) of phenol in deionized water and 0.3 g of the catalyst was added to the reactor. The pH of the aqueous phenol solution was monitored during the reaction. The suspension was stirred at 650 rpm at ambient temperature for 2 hrs in the dark, and an aliquot was withdrawn to analyze equilibrium phenol concentration. The mixture was then exposed to UV light using a Rayonet RMR-600 reactor equipped with 6 (8 Watt) UV lamps (350nm wavelength), with an arc length of 76.2mm each. (Figure S1 , supporting information). An oxygen balloon was connected to the reactor in order to assure a high oxygen saturation of the solution. At regular time intervals aliquots were withdrawn for HPLC analysis.
Photocatalytic activity of the prepared catalysts was also evaluated using a tubular trickle bed column reactor. Typical reactor set up to operate under the Taylor flow regime, is shown in Figure 1 . This reactor consisted of a quartz glass tube having an external diameter of 6mm and an internal diameter of 4 mm. Reagents were pumped to the reactor bed at a flow rate of 3ml min -1 . A second peristaltic pump connected to the phenol solution reservoir pumped fresh solution into the reservoir at a flow rate of 0.083ml min -1 . Using this approach the reactor operated continuously in a recycle mode i.e. recirculation of the reagents to the reactor with continuous make up of fresh reagent. In each experiment a batch of 300 mL containing 94.1 mg/L (1mMol) phenol in water was treated over a period of 92 hours. 1.0 g of a Pd, Au, and PdAu/TiO2 was pelletized and sieved to the 456-600µm size range. At regular time intervals, aliquotes were withdrawn for HPLC analysis. HPLC analysis was performed using Agilent 1100 system equipped with Eclipse XDB-C18 reverse phase column (3.5µm, 4.6×150mm) and Diode Array Detector (DAD) at a wavelength of 254nm using 50% methanol and 50% water as the mobile phase. 
Results And Discussion
Catalyst characterization
The phase structure, crystallite size, and crystallinity of TiO2 play an important role in photocatalytic activity, with many studies confirming that the anatase phase of TiO2 shows higher photocatalytic activity than brookite or rutile phase [16] . The XRD patterns of AuPd/TiO2 P25 catalysts calcined at 120 °C for 24 hours are shown in Figure S2 (supporting information). The SEM and TEM images of Au-Pd/TiO2 P25 catalysts are shown in Figure S6 .
The figure shows typical surfaces of doped TiO2 (Degussa P25). The TEM images showed metal nanoparticles were highly dispersed with some regions of TiO2 doped with metals and some without doping. The EDS mapping ( Figure S7 ) showed uniform metal dispersion over the surface of TiO2.
The average crystal size of the TiO2 was found to be a mixture of anatase crystallites (22.3 nm) and rutile crystallites (34.1 nm) as shown in Table 1 . There were no peaks that indicate the presence of the metal nanoparticles or their metal oxides, which indicates high metal dispersion with the size of the metals nanoparticles below the detection limit of ~4nm [14] . In case of the bimetallic Au-Pd/TiO2 catalysts, the nanoparticles are more likely to be individual metals than the metal alloys. ), λ=cut off wavelength from the % reflectance graph, c= speed of light in vacuum (≈3×10
The surface area and pore volumes of the catalysts obtained by BET N2 isotherm are shown in Table 1 . As expected, the results show a decrease in the surface area of the catalyst after metal deposition. From the Diffuse Reflectance UV-Vis spectra (Figure 2 ) an absorption peak, with a maximum at 580 nm was observed for the 1wt%Au/TiO2. This is attributed to the surface Plasmon resonance of spatially confined electrons in the 1.0wt% Au/TiO2 catalyst. There are also band gap excitations in the region near 400 nm in all the spectra taken. The absorbance of 
Photocatalytic degradation of phenol using batch reactor
The plot of total concentration of phenol as a function of time using UV irradiation is given in be rather complicated due to several simultaneous effects including excitation of Au electrons to the conduction band of TiO2 under UV irradiation causing detrimental effect on space-charge separation of electron-hole pairs [21] [22] .
Utilizing UV, 1%Pd/TiO2 showed faster reaction rate for phenol degradation than Au-Pd/TiO2 catalyst, while 1%Au/TiO2 and 0.5%Au-0.5%Pd/TiO2 showed faster phenol degradation rates under visible light (Figure 4) . The synergetic effect of Au-Pd/TiO2 showed highly enhanced activity for phenol degradation in the visible light region which is similar to other reports attributed to localized surface plasmonic effect and localized heating effect upon irradiation with visible light [23] .
The Photocatalytic degradation of phenolics is often determined by using pseudo-first order kinetics [24] [25] [26] . The initial rate of Phenol Photocatalytic degradation was determined after the 
The expression kobs is the apparent pseudo-first-order rate constant and is affected by the concentration of phenol. The plot of -ln(C0/C) versus time for phenol degradation using the slurry batch reactor in O2 with the different modified photo catalyst in UV light is shown in Figure 5 and the phenol degradation rates obtained with each catalyst are shown in Table 2 . 
The effect of catalyst loading on photocatalysis
To determine the optimal catalyst loading, a set of experiments with varying catalyst mass in the range 0.1-0.4 g using 0.5wt%Pd/TiO2 as catalyst was studied at pH 6.4 over 80min ( Figure   6 ). An increase in the amount of catalyst provides an increased number of active sites for adsorption; however, this also causes a simultaneous increase in solution opacity which further causes a decrease in the penetration of UV light. This suggests that the amount of photo-catalyst to be used should maintain a balance between these two opposing effects [27] [28] [29] [30] . For this study, clearly the photocatalytic degradation for phenol increases as the catalyst loading is increased from 0.1g to 0.3g but when the catalyst loading is increased further to 0.4g, the amount adsorbed in the first 20min increased while the rate of degradation decreases after 40min. These show that the optimum catalyst loading to be used is 0.3g in 100ml of the phenol solution. 
Stability and reusability of the catalyst
To develop a continuous process, stability and reusability of any photocatalyst is critical to develop potential practical applications [32] [33] . Post reaction, TiO2 P25, 0.5wt%Pd/TiO2 and 0.5%Pd-0.5%Au/TiO2 catalysts were recovered by filtration, washed and dried and evaluated for reusability under the same experimental conditions (Figure 7 ). Significant loss in activity was observed for TiO2 and monometallic Pd/TiO2 catalysts which could be due to metal leaching as well as deposition of polymeric species on the catalysts surface. Besides metal leaching, the loss of activity could also be due to poisoning of the catalyst surface with intermediates. The Pd metal content of the fresh and used Pd/TiO2 catalyst using ICP-OES analysis (Table 3) showed a clear decrease in Pd content on used catalyst due to metal leaching. However, Pd metal content for fresh and used 0.5%Au-0.5%Pd/TiO2 and 0.25%Au-0.75%Pd/TiO2 was pretty consistent within the experimental errors, which indicated that bimetallic Au-Pd catalysts were more stable to leaching in the photocatalytic conversion of Phenol to water. This was further supported by the reusability of recovered bimetallic Au-Pd catalysts.
Comparison of photo and thermal degradation of phenol in UV, Visible and dark regions
Comparing the amount of phenol converted using the visible light and the UV light (Figure 8) , it was shown that the bimetallic 0.5%Pd-0.5%Au/TiO2 P25 catalyst was not only more stable to leaching but also had significantly enhanced Photocatalytic activity in visible light region. This could be attributed to their ability to suppress the recombination of the photogenerated electron-hole pairs in the reaction. Interaction between Au-Pd helps to anchor Pd on TiO2 more strongly thus suppressing the leaching of Pd. Also the 0.5%Au-0.5%Pd/TiO2 catalyst showed remarkable ability to both adsorb and degrade phenol thermally in the dark region conversion, which can allow for continuous day and night operation in real life solar photodegradation of phenolics (Figure 4) . The thermal catalytic efficiency of TiO2 P25 was further compared with 0.5%Pd-0.5%Au/TiO2 in terms of the rate of the reaction. Here the rate at which 0.5%Pd-0.5%Au/TiO2 thermally degraded phenol in the absence of light is 2.0 times higher than the P25 under the same conditions.
0.5%Pd-0.5%Au/TiO2 catalyst showed very stable catalytic activity over 4 recycles which was complimentary to metal content analysis of used catalyst, hence bimetallic Pd-Au/TiO2 P25 could be the potential catalyst for continuous flow operation. 
Photocatalytic degradation of phenol using continuous trickle-bed reactor
Photocatalytic degradation of phenol in continuous flow operation was studied using trickle bed reactor (Figure 9) . Increase in the contact time between phenol and the catalyst in the presence of sufficient O2 promoted the photodegradation of phenol to higher conversions. It was observed that the conversion of phenol to CO2 and water is limited by the availability of oxidant in the reaction. Mass transfer limitations often occur in immobilized photocatalytic systems [34] [35] . Photocatalytic degradation of phenol showed that the removal efficiency of the catalyst was 99.9% when TiO2 P25 was used in the Trickle Bed reactor in the presence of hydrogen peroxide as the oxidant. While 71.9% conversion was achieved when TiO2 P25 was used with O2 and 70.3% when 0.5%Pd/TiO2 was used under the same reaction conditions. These results indicated that rate of phenol degradation using Au-Pd/TiO2 photocatalyst could be affected by the deposition of intermediates on the surface of the catalyst. intensity of UV-light, the formation of polymeric species on the surface of the catalyst during the reaction was noticed. In a separate experiment conducted by limiting O2 and increased intensity of UV light, the deposition of species on the surface of the catalyst was again observed. As shown in Figure S4 (supporting information), it is evident that the availability of O2 is vital for the complete decomposition of intermediates species formed in the reaction. If the TiO2 P25 catalyst has both sufficient oxygen and UV irradiation complete conversion of Phenol to CO2 is evident through the catalyst retaining its original color. After the catalytic activity test, the used catalyst was analyzed using Temperature Program Oxidation (TPO). (Figure S5 , supporting information). TPO of used catalyst from activity test performed by limiting O2 showed that carbonic species formed were more difficult to remove and required higher temperatures. In order to optimize and properly design the regeneration of deactivated catalysts, knowledge of the carbonaceous burning kinetics is desirable [36] . The result of this analysis is also presented in Table S1 (supporting information) depicting the wt% of carbonaceous species on the catalyst.
Photocatalytic degradation of phenol using continuous Taylor flow reactor
The photocatalytic efficiency of the monometallic Pd and Au on TiO2 catalyst can be enhanced by reducing the mass transfer resistance and increasing the availability of oxygen by using the Taylor flow reactor running gas liquid slugs, where O2 replenishes the catalyst surface continually. Hence, the catalyst surface was not deactivated with carbonaceous deposits thereby increasing the stability and life-time of the catalyst under continuous mode [37] [38] . For the 0.5%Pd-0.5%Au/TiO2 over 76% phenol is converted and this is retained for 52 hrs (Figure 10 ).
It should be noted that these trends continued over the 52 hr run. Furthermore the photo-response of the 0.5%Pd-0.5%Au/TiO2 in the visible light region, as discussed earlier, makes this a viable catalyst for industrial application in wastewater treatment. 
Conclusions
In present study, it was demonstrated that TiO2 P25, Pd, Au and Au-Pd/TiO2 monometallic and bimetallic catalysts show high photocatalytic activity under UV and Visible light illumination.
Monometallic Pd supported catalysts gradually deactivate due to leaching of Pd, however Au-Pd/TiO2 P25 suppresses Pd leaching and enhances photocatalytic activity. Photodegradation of phenolics is mass transfer limited with respect to availability of oxygen on the catalyst surface. It was observed that the combination of poor mass transfer and excess UV within the trickle bed reactor led to the formation of heavier hydrocarbon species and some deactivation of the catalyst. However this process could be significantly reduced by saturating the catalyst with O2 and then providing a sufficient volume of solution in order to desorb any intermediates, effectively washing the catalyst. Such a process could be achieved using the alternating gas- 
